Water content of three carbon dioxide containing natural gas mixtures in equilibrium with an aqueous phase was measured using a dynamic saturation method. Measurements were performed up to high temperatures (477.6 K = 400 o F) and pressures (103.4 MPa = 15,000 psia). The perturbed chain form of the statistical associating fluid theory (PC-SAFT) was applied to predict water content of pure carbon dioxide (CO 2 ), hydrogen sulfide (H 2 S), nitrous oxide (N 2 O), nitrogen (N 2 ) and argon (Ar) systems. The theory application was also extended to model water content of acid gas mixtures containing methane (CH 4 ). To model accurately the liquid-liquid
Introduction
Natural gas dehydration is an essential process in any natural gas processing plant. The main goal of gas dehydration is removing water to reduce pipeline corrosion and eliminate line blockage caused by hydrate formation. The water dew point should be below the lowest pipeline temperature to prevent free water formation. Also, most product specifications require that no free water be present. As a result, the maximum water content allowed in a sales gas range between 4 to 7 lb/MMSCF. For liquids, the water content is 10 to 20 ppmv. Hydrate formation may occur not only in pipelines, but also in cryogenic processes such as the production of liquefied natural gas (LNG) and of C 2 + raw materials needed for the polymers industry.
Furthermore, enhanced oil recovery (EOR) processes related to the injection of nitrogen or acid gases have gained more attention during the last few years as an effective method of increasing oil and gas production. The process depends on compressing acid gases exiting the amine regenerator overhead or nitrogen exiting the nitrogen rejection unit and transporting them via pipelines to an injection well 1,2 . Consequently, designing both natural gas dehydration and acid gas injection schemes requires a detailed knowledge of wet and sour natural gas mixtures.
Experimental data for water content of n-alkanes are widely scattered while that for acid gases is limited. Therefore, rigorous thermodynamic models are needed to accurately predict water content at conditions where experimental data is scattered or does not exist.
Previous experimental efforts in measuring water content of acid gases
Experimental efforts in measuring water solubility in vapor carbon dioxide phase started back in 1939 by Wiebe and Gaddy [3] [4] [5] Consequently, a fundamental equation of state is needed to safely predict water mole fractions in the absence of experimental data.
Previous modeling efforts in predicting water content of acid gases
Predicting water content in sweet and sour natural gas systems represents a great challenge to researchers as a result of the low water concentration in the hydrocarbon or acid gas phase.
Therefore, most of the techniques used traditionally by the gas industry rely on charts and empirical correlations to approximate water mole fraction. At low pressures where the ideal gas approximation is valid, water content of a gas is approximated to be equal to the vapor pressure of pure water divided by the total pressure of the system. This relation assumes that the solubility of gases dissolved in water is minimal. Therefore, the mole fraction of water in the aqueous phase is taken to be unity. The assumption can be reasonable only in the presence of hydrocarbons; however, solubility of acid gases in water can be significant even at low pressures.
Sharma and Campbell 14 were the first to propose a method for calculating water content of sour natural gas mixtures. The model requires the fugacity of water at saturation as well as the fugacity of water and the compressibility factor of the gas mixture at system conditions respectively. A chart was provided to estimate the fugacity at the system conditions. However, However, the work still required large positive binary interaction parameters to enhance the correlation performance.
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A new water model based on the perturbed chain form of the statistical associating fluid theory [39] [40] [41] [42] (PC-SAFT) was presented in our previous publications 43, 44 . Water in the hydrocarbon phase was modeled as a sphere of diameter 3Å surrounded by a sea of n-alkane chains. Calculations showed that self-association and multipolar interactions can be neglected in this phase due to the extremely low water mole fractions. Therefore, the water dispersion energy ( / ) can be fitted to experimental data available in the literature 44 . The pure liquid water phase was modeled using the accurate IAPWS equation of state 45 . An average dispersion energy of 204.7 K turned out to be sufficient for correlating water content of the hydrocarbon phase. This value is lower than that fitted by Gross and Sadowski 42 for their two associating sites water model (one electron donor and one electron acceptor, 2B) but is still higher than that used by water models in molecular dynamic simulation 46 . The remaining association parameters for our four associating sites (two electron donors and two electron acceptors, 4C) model were then fitted to saturated liquid densities and vapor pressures of pure water. Application of the new model to predict water content of pure acid, inert and noble gases, namely: carbon dioxide (CO 2 ), hydrogen sulfide (H 2 S), nitrous oxide (N 2 O), nitrogen (N 2 ) and argon (Ar) as well as acid gas mixtures with methane is presented in this work.
Experimental Measurement

Experimental Set Up
The solubility of water in high temperature, high pressure hydrocarbon gases is measured using a flow scheme similar to that of Benson 47 or Rigby and Prausnitz 48 . Figure 1 shows the important components of the experimental apparatus, which consists of a gas cylinder (S), a 1000 cm 3 Ruska boost pump (P1), a 500 cm 3 Ruska main pump (P2), a 24 foot thermal equilibration coil (EC), the saturation cell (SC), on-off and throttling valves (TV1 and TV2), analysis train and a flow meter (F). Both EC and SC are contained in a thermostatically controlled air bath, which is controlled to within 0.3 K using a 1.8 KW heater coupled to an OMEGA CN9000A PID temperature controller. The controller parameters were determined using the Cohen-Coontz tuning method.
A detailed drawing of the saturation cell is given in Figure 2 . The cell has a nominal internal volume of 1,300 cm 3 , with an internal diameter of approximately 7.5 cm. Gas enters the cell and flows through a glass dispersion frit (PF) which disperses the gas into the liquid water as bubbles A Sartorius CP-5000 series scale, with an accuracy of 0.01 mg and a maximum capacity of 300 g is used to weigh the u-tubes. The scale has an internal calibration and temperature correction features. The calibration is checked periodically against a set of standard grade Ohaus weights.
More details on the experimental procedure followed in this work can be found in Yarrison 25 .
Materials
The gas mixtures were prepared by Aeriform Gas Company, and have an uncertainty in the 
Experimental Accuracy and Precision
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The experimental accuracy should be better than 5% (mole) of water content in the gaseous phase, temperatures should be within 0.5°C of set point and pressures should be within 0.01% of full scale for the high temperature apparatus.
Thermodynamic Modeling
For a water-gas binary system, the phase equilibrium can be expressed as:
Where 2 is the mole fraction of water in the gas rich phase, 2 is the fugacity coefficient of water in the gas rich phase evaluated using PC-SAFT, is the total pressure, is the gas mole fraction in the water rich phase, and 2 ( , ),
is the fugacity of pure liquid water evaluated at temperature and pressure . Using the fact that the aqueous phase is predominantly water, the activity coefficient of water is assumed to be unity.
Equating the fugacity of the gas component between the vapor and the aqueous phase gives:
Where is the fugacity coefficient of the gas in the vapor phase evaluated using PC-SAFT.
, 2 is the Henry's law constant of the gas in the liquid water phase at temperature and system pressure , and are the mole fractions of the gas in the vapor and liquid phases, respectively. 25, 26 . Detailed explanation of the model used can be found in our previous publication 26, 44 .
PC-SAFT parameters for pure water, based on the two electron donor and the two electron acceptor association scheme (also called the 4C association scheme), as well as for pure nonassociating CH 4 , CO 2 , H 2 S, NO 2 , N 2 and Ar components are illustrated in Table 1 .
Interactions in both CO 2 -water and H 2 S-water systems have been extensively studied experimentally and theoretically through ab initio calculations. Results indicated that the interactions between acid gases and water molecules are dominantly of a Lewis acid-base nature along with weaker hydrogen bonding interactions. Danten et al. 54 claim that the carbon atom in carbon dioxide acts as an electron acceptor while oxygen atom in water acts as an electron donor.
On the other hand, quantum calculations [55] [56] [57] performed by different researchers suggest that the most stable interaction existing between water and hydrogen sulfide occurs when the latter acts as an electron donor while water acts as an electron acceptor.
Following the approach taken previously by Tsivintzelis et al. 34, 35 in modeling water content of acid gases using the cubic plus association (CPA) equation of state, cross association between H 2 S-water and CO 2 -water were taken into consideration, in this work, through modeling H 2 S 11 with two negative association sites and CO 2 with two positive association sites. Self-association between H 2 S molecules are known to be weak, and hence neglected. In order to reduce the number of fitting parameters, cross association energies ( ⁄ ) were fixed to values determined through calorimetric 37 Table 2 illustrates the cross association parameters used in this work.
Results and Discussion
Measured water content of CO 2 containing natural gas mixtures
Water content of CO 2 containing natural gas mixtures are reported in Table 3 based on the approach described in the experimental setup section.
Water content of pure carbon dioxide
Vapor-liquid equilibrium (VLE) of water-carbon dioxide system was modeled using Eqs. 1-3.
Experimental data by Gillespie and Wilson as well as Song and Kobayashi on the solubility of water in carbon dioxide at 304.21 K (87.9 o F) was used to fit the cross association volume ( ) parameter as shown in Table 2 . An average absolute deviation (AAD) of 7.82% was calculated from the optimization algorithm. Figure 3 (a)-(f) exhibits results obtained at different temperatures while setting the binary interaction parameter as zero.
The model predictions appear to be in good agreement with the existing experimental data up to high temperatures and pressures. In reference to Figure 3 (a)-(d) , it can be observed that water content tends to decrease up to intermediate pressures followed by a sudden jump in water mole fraction caused by CO 2 phase transition from vapor to liquid. This phenomena can no longer be observed above pure CO 2 critical point as shown in Figure 3 (e)-(f). In general, the solubility of water in CO 2 vapor phase can be captured using an inert CO 2 scheme as proposed by Gross and Sadowski 41 . However, once the mixture dew point pressure is reached, hydrogen bonding becomes more significant with the density increase. As a result, the sudden increase in water content can only be captured through considering cross association between CO 2 and water. The theory confirms experimental observations suggesting a weak dependence on pressure for water mole fraction in the liquid CO 2 phase.
Water content of pure hydrogen sulfide
Experimental data on water content of hydrogen sulfide is limited. Among these data points found in the literature, are smoothed values published by Selleck et al. 10 based on the scattered experimental data measured by Gillespie et al. 11 The model cross association volume, , was fitted to experimental data by Gillespie et al. Water content in methane-CO 2 and methane-H 2 S mixtures Natural gas streams entering a glycol dehydration unit in a gas plant is usually a mixture of light hydrocarbons, mostly composed of methane, water, small percentages of carbon dioxide and traces of hydrogen sulfide. Therefore, modeling the effect of acid gases on water content of methane is essential for industrial applications. To do so, binary mixtures of methane-carbon dioxide and methane-hydrogen sulfide needs to be first modeled using PC-SAFT. Fitted binary interaction parameters along with the absolute average deviations from experiment are shown in Table 4 for methane-carbon dioxide and methane-hydrogen sulfide systems. The binary interaction parameter tabulated for carbon dioxide-hydrogen sulfide system will be used later in the next section of this work. Although adding a value to each of these systems has been proved to substantially reduce the error in the liquid phase, we decided to keep the model predictive and neglect them while modeling the ternary systems. Figure 10 
Water content of sour natural gas mixtures
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Application of the water model in modeling a typical sour natural gas mixture is important for industrial processes. Accurate determination of water content is essential for preventing hydrate formation in pipelines. Also, designing injection schemes for EOR applications require a strong understanding of the phase behavior of wet acid gas systems. PC-SAFT predictive power was examined through modeling a quaternary mixture of methane, carbon dioxide, hydrogen sulfide and water at industrial pipeline conditions. First, the ability of the equation of state in describing CO 2 -H 2 S binary system phase behavior was tested. In reference to Figure 12 , it is interesting to observe as how adding a value causes a change in the shape of the binary mixture phase envelope. The fitted is listed in Table 4 .
Second, an attempt was made to predict water content of mixed CO 2 -H 2 S gas mixture. Setting all values as zero, PC-SAFT was able to adequately predict water content of the mixture at two different compositions as shown in Figure 13 (a)-(b). Now the model can be used confidently to model the quaternary mixture at industrial conditions.
Finally, water content of two quaternary mixtures was predicted and is shown in Table 7 .
Generally, the error increases with increase in system temperature and pressure. The same observation can also be seen in Figure 3 (f) at a high temperature of 477.59 K (400 o F). It is worth noting that Clark 8 attempted to model Huang et al. 75 data using AQUAlibrium software package and performed almost equal to PC-SAFT. Although, the absolute deviations (AD) are within ±30% of the experimental data, setting values as zero might have contributed in increasing the absolute average deviations.
Conclusion
Water content of three CO 2 containing natural gas mixtures was measured up to high temperatures and pressures and as a function of carbon dioxide concentration using a dynamic saturation method. A water model developed based on water content data in n-alkanes was used to predict water content of pure acid, inert and noble gases as well as acid gas mixtures containing methane. To do so, cross association between water-CO 2 and water-H 2 S was taken into account. Association energies were fixed to experimentally determined values, while association volumes were fitted to VLE and LLE data. Interaction parameters were set to zero throughout the work. The agreement between the model predictions and experimental data for pure acid, inert and noble gases was good up to high temperatures and pressures. Moreover, the effect of acid gas composition on water content of the methane rich phase was examined. Water mole fraction showed a weak dependence on acid gas composition at VLE conditions while a strong dependence was shown at supercritical conditions. Finally, an attempt was made to predict water content of a typical natural gas stream at industrial conditions. Errors were relatively high but were still within ±30% of the experimental data. SAFT is a general model applicable to a wide range of systems; yet the results are competitive with the best models created for the specific case of water content in acid gas systems.
